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 Scientific Objectives:
The scientific objectives of the proposed work include several 'cutting edge' challenges in synthetic organic and polymer chemistry, optical spectroscopy, solid-state nuclear magnetic resonance spectroscopy, materials science and theory, as elaborated on throughout the proposal. The scientific objectives focus primarily on light acquisition and energy capture, minimal photon loss in the films and devices, carrier extraction with minimization of electron-hole recombination, resistive losses, down conversions and so on and on device processing. Meeting the objectives will be greatly facilitated by the high degree of intra and inter team networking already in place in strategizing for the proposal and through the establishment of multiple feedback loops through Mexico/US video conferencing (including all students) needed to capitalize on the high degree of multidisciplinary correlations that exist in such a scientific study and endeavor.
 Obtained results:
It was consolidated the inter-institutional and collaborative work by conjoining the diverse expertise of all the involved academic members, in such a way that the continuing research work was/is/will stated as follows: the organic molecular, supramolecular chemistry, electrochemistry, molecular order, photovoltaic devices development are carried out by CIQA research group. The materials are then sending to the University of Akron for the solid state nuclear magnetic resonance study by the proff. Mattew Espe research group. The ultrafast, transient & steady state spectroscopy study by the proff. David Modarelli research group, and the theoretical calculus and photovoltaic devices performance simulation by the Proff. Hendrick Heinz research group.
Materials synthesized and analyzed were divided in three main research lines:
I. Nanocomposites of silver nanowires with fluorescent poly(phenyleneethynylene). Silver nanowires (AgNWs) with diameter of 81±34nm and length of 7.9±2.6μm were obtained by the polyol method with co-injection of poly(vinylpyrrolidone) (PVP) and silver nitrate (AgNO 3 ) in refluxing ethylene glycol (EG) at 250 L/min. After a first survey on the effect of injection rate in the nanowires synthesis, composites were prepared with a conjugated fluorescent poly(phenyleneethynylene), hereafter called pPET3OC12-sqS. A concomitant study by Atomic Force (AFM) and Kelvin force microscopy (KFM) on an individual nanowire visualized in the composite showes that the thickness of the polymer coating varies along different scanning lines, consistently with the self assembly tendency of this polymer that forms, by itself granular type morphology. Heterojunction solar cells were fabricated with the polymer and AgNWs composites and [6,6]-Phenyl-C61-butyric acid methyl ester (PCBM) as electron acceptor material. The cells were not optimized in active layer preparation conditions such as solvent, thickness, annealing, or encapsulation in order to demonstrate the effect of the silver nanowires on the organic solar cells' intrinsic parameters. As a consequence of the self-assembly behavior of pPET3OC12-sqS, the efficiency of the solar cells made with the polymer and AgNWs composites was dependent on relative content of the polymer, PCBM and AgNWs. This study addressed the morphological implications of the incorporation of silver nanowires in active layers prepared with conjugated polymers that present the property to be assembled on the silver nanowires surface.
pPET3OC12-sqS II. Functionalization of CdS Quantum dots and nanocomposites with phenyleneethynylene copolymers. CdS quantum dots of 3.02 ± 0.46nm were synthesized in presence of 3-mercaptopropyltrmethoxy silane (MPS). This ligand was chosen in order to allow the successive functionalization with phenyleneethynylenes (PEs) through condensation of the metoxy groups of the silane capping agent of the nanoparticles and the OH terminal groups of the lateral chains of the PEs. The functionalization was corroborated by solid state nuclear magnetic resonance as a new peak at -58ppm appears and is ascribed to Si-O-CH 2 -becomes weaker as a consequence of the bonding. XPS Si and C studies confirm also this bond. The hydrolisis of the metoxy groups of the silane and their successive polymerization, induced by the presence of the OH groups of the PE, gives rise to peculiar superstructures of 200-600 nm of diameter. The diameter depends of the pH of the medium being larger at basic pH and consistent with light scattering characterization. STEM analysis shows the presence of CdS clusters inside the larger particles and TEM tomography reveals that these superstructures are not empty. A possible schematic mechanism of formation of the particles is reported in the following:
Molecular dynamics study carried out by Dr. Heinz group on CdS composites with oligomeric model systems supports the evidence that hydroxyl group of the phenyleneethynylenes tends to react with the trimethoxysilyl shell of the nanoparticle surface and this causes bending of the conjugated backbone. The photophysical properties of the composite studied at the University of Akron are practically identical to those of the copolymer. Even though electron-transfer upon polymer excitation is energetically feasible, it is not observed probably because of the large average CdS-polymer distance. Energy-transfer is also energetically possible with CdS excitation, although evidence for it is weak, most likely as a result of the weak absorption of the CdS within the nanocomposites. Solar cells were fabbricated with the composite in the ITO/PEDOT/composite/Woods metal configuration and considering that CdS could act as electron withdrawing and the polymer an electron donor material. The efficiency of these devices was very low (10 -4 %) which can be related to the superstructures formation and its implications in terms of electron transfer process (previously discussed) as well as exciton recombination. In fact even if exciton can be formed in the polymer, the distance from the electron acceptor material is larger than the exciton diffusion length (typical 10-20 nm). Despite the non-promising results in the solar cell application, the formation of the superstructure is an interesting and unexpected result for materials science, yielding several presentations, a PhD thesis and three papers in preparation.
III. Synthesis of fulleropyrrolidine derivatives substituted with oligophenyleneethynylene-ferrocene conjugates. A series of fullerenopyrrolidinebridge-ferrocene macromolecules were selectively synthesized by the Sonogashira reaction applying the step-by-step approach. The length of the bridge is constituted by 1, 2 and 3 phenylenethynyle units (PPE) forming so the C 60 -1PPE-Fe, C 60 -2PPE-Fe and C 60 -3PPE-Fe dyads. 1553.30). The C60-nPPE-Fe tryads present a main absorption peak due to the HOMO-LUMO transition shifting from 304 nm to 355 nm along with the increase of the conjugation length of the phenyleneethynylene chromophore. Additionally the bands due to ferrocene and fullerene could also be visualized. In general, the UV-Vis spectra match well the sum of the spectra of the individual components of the tryads suggesting that no ground state interactions occur. The fluorescence spectra are characterized by an emission at the same wavelength of that of the corresponding benzyl alcohol nPPE precursors but with a strongly reduced quantum yield. The "quenching" with respect to the nPPE emission is increasing with the number of nPPE units yielding a value of 250 for the C60-3PPE-Fc. This behavior has been previously observed in several fullerene dyads and tryads of conjugated systems and attributed to electron energy transfer from the conjugated backbone to the fullerene moiety, which is the most important requirement for an application in solar cells. Based on the photophysical characterization, C60-oPE3-Fc is the most promising material for a device, study that is currently in progress. Poster.
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Executive Summary
The team of three PIs from the University of Akron, Ohio, has synthesized and characterized core-shell nanoparticles on the basis of CdS and conductive polyarylene ethynylene polymers for photovoltaic applications. The structure at the molecular scale was characterized using X-ray scattering, NMR spectroscopy, molecular simulation, and absorption-emission spectroscopy.
Time-resolved laser studies yielded the relaxation behavior of these and further conductive oligomeric systems containing fullerenes and ferrocenes in collaboration with PIs at CIQA. The results from this study have also been presented and discussed at several national, international, and regional meetings in talks and posters. These presentations include: 
Technical Activities
Hybrid organic solar cells are an emerging technology over the last 10 years and have reached comparable performance to dye-sensitizied solar cells. While the best efficiencies are still under 12%, which is low in comparison to silicon and multi-junction cells (up to 45%), the cost of hybrid organic PV devices is much lower once in mass production and panels could be made in flexible shapes (see NREL solar cell efficiency roadmap). We have explored new quantum dot/organic materials combinations and introduced modeling approaches that help to understand and overcome current limitations.
Synthesis and Characterization of CdS Nanoparticle/Surfactant Interfaces (Espe).
A number of organically modified cadmium sulfide nanoparticles were synthesized in the presence acetonitrile also lead to partial esterification. The unreacted phenyl groups remained available for electrostatic interactions with the CdS-MPA surface, however (Figure 3b ). The influence of covalent versus noncovalent interactions on the structure of the interface and the polymer was analyzed by molecular simulation (see section 2.3). Structural differences were found to be relatively insignificant so that the extent of the reaction may not significantly affect composite properties.
Photophysical Properties of Nanoparticles, Arylene Ethynylene Polymers, and
Nanoparticle-Polymer Composites (Modarelli). Steady-state absorption-emission spectra and time-resolved measurements of absorption, emission, and fluorescence were recorded for a number of different samples. These data explain the light harvesting features of the modified quantum dots and polymer assemblies, as well as the effect of chemical substitution on charge transport properties. The analysis has been carried out for CdS nanoparticles modified with 3- 
Mercaptopropyltrimethoxysilane (MPS), CdS-polymer composites, and for ferroceneoligo(phenylene ethynylene)-buckminsterfullerene molecules (triads).
The CdS-MPS nanoparticles are similar to CdS-MPA (see section 2.1). The difference consists in replacement of the terminal carboxylate group by a trimethylsilyl group that might be more reactive in cross-linking with polymers ( Figure 4) . The structures of the CdS-MPS nanoparticles and of the two polymers for formation in composites are shown in Figure 4a .
Absorption spectra indicate the characteristics of Polymers 1 and 2, as well as the lack of strong absorption by CdS-MPS. The composites after reaction with polymers 1 and 2 show comparable absorption to the neat polymers, except that the intensity is reduced for the NP-Polymer 1 composite at lower wavelengths around 300 nm (Figure 4b ). The emission spectra also indicate a high level of similarity between the polymers and the composites (Figure 4c ). The emission intensity of the composites is also higher than for the polymers alone, indicating the stimulated emission of the CdS-MPS quantum dots. The absorption-emission data were subsequently used is shown in Figure 6 and lifetimes of excited states over 1 ns have been identified.
Modeling and Simulation of Nanoparticle Interfaces and of Solar Cells at Device Level (Heinz).
Modeling and simulation has been carried out to understand the orientation of polymers near the nanoparticle surfaces as well as the transport and recombination processes in a solar cell at the device level for payoffs in the longer term. For the analysis of the arrangement of polymers on the nanoparticle surfaces, we prepared models of CdS-MPS core-shell nanoparticles, polymer 1 ( Figure 4a ) as well as some structurally similar isomers of polymer 1 in the form of 4-mers ( Figure 7 ). We employed all-atom models including new parameters for CdS with atomic charges of +1.0e and -1.0e on S to reflect covalent and ionic bonding contributions according to an Extended Born model. The simulation boxes contained 20 oligomers, one or two nanoparticles in equilibrium, and were subjected to extensive molecular dynamics simulations with an extended PCFF force field (>10 ns), aided by annealing and multiple parallel simulations to sample the conformation space effectively (Figure 7b ). We analyzed the equilibrium structures for surface contact of hydroxyl and ester groups, polymer mobility on the surface, end-to-end distance of the adsorbed polymer chains, and the effect of partial covalent bonding of Polymer 1 to the nanoparticle surface. All oligomers containing hydroxyl groups showed close contact of these groups to the surface of CdS-MPS whereby the average closest distance from the nanoparticle center increased from 13.5, 14.5 to 16.5 Å for oligomers O4, O1, and O3 ( Figure   7c ). Thus, O4 approached the surface most closely and could more easily form covalent bonds with the MPS corona on the nanoparticle. In contrast, ester groups approached the surface less closely. The closest average distance of ester groups from the nanoparticle center was about 16 Å for O3, followed by O2 and O1 in the range 16-17 Å. The location of ester groups between the aromatic ring and the side chain is sterically less accessible, which accounts for the larger distance from the particle surface. Therefore, ester groups are less likely to react with trimethoxysilyl groups on the CdS-MPS surface. The mobility of the polymer chains also showed significant differences. O3 and O4 without long side chains showed significantly faster diffusion compared to O1 and O2 with long side chains (Figure 7b ). The side chains wrap around the nanoparticle and fix the position of the oligomers (polymers) similar to a claw. The end-toend length was noticeably shorter for O3 than for the other oligomers. Partial covalent bonding of polymer 1 to the surface through esterification on the particle shell had only a small effect on the computed structural properties in comparison to the structures upon noncovalent polar bonding. Therefore, the impact of covalent bonding on optical and excitation properties may also be small.
In addition, we developed a coarse-grain model to simulate transport processes and power conversion efficiencies of an entire solar cell (Figure 8 ). Suitable models to simulate the mechanisms of operation and performance characteristics of organic/polymer solar cells at the device level have not been previously available. Many simulation techniques such as DFT and quantum mechanics only focus on isolated processes and single molecules or molecular voltage. This electric filed imposes a realistic driving force for the directional motion of the charge carriers and facilitates their collection and measurements of a generated current at the electrodes.
The models, particle insertion and removal routines, were implemented in the Large Scale Atomic and Molecular Massively Parallel Simulator (LAMMPS) code from Sandia National
Laboratories for wide utility. We wrote an extension of this code to accommodate the specific operations necessary for the simulation of a solar device. As a model and test system, we chose a Figure 9 . Computation of I/V curves and power conversion efficiencies using the coarse-grain model of a Gratzel cell and molecular dynamics simulations. a. Computed I/V curves closely resemble known experimental data and the current density decreases for lower light intensity, represented by a larger time interval t to insert electronhole pairs. b. Lower light intensity and decreased probability for recombination (smaller recombination cutoff) lower the power conversion efficiency. Due to the short time scale for charge insertion in the simulation, the reported current densities are a qualitative measure at present (real values are ~10 6 times lower).
Gratzel cell for simplicity, and the code can be easily modified for other components in the solar cell such as quantum dots and polymer from CIQA once device-scale testing will be performed.
The coarse grain parameters for TiO 2 nanoparticles, the Ru dye molecule, and a liquid, polymercontaining electrolyte have the form of a 9-6 Lennard-Jones (LJ) potential as well as harmonic bond stretching parameters for the polymers. The parameters were derived from the molecular geometry and approximate cohesive energy of each component. Parameters for holes and electrons were chosen simply with minimal interaction parameters so that their motion is driven mainly by the electric charge. Tests with larger epsilon and sigma parameters in the LJ potential (up to one order of magnitude) have shown no significant change in performance.
The simulation enables tracking of the path of the charge carriers, the calculation of I/V curves, and estimates of the power conversion efficiency for different light intensity as well as recombination settings (Figure 9 ). Furthermore, the charge carrier mobility (diffusion constants)
has been analyzed as well as the influence of different morphology on current collection. To shorten the simulation time, we used excessive light intensity in the tests here (currently 10 6 times faster), which however has no impact on the simulated device characteristics as an ideal thermostat was applied in the simulation. Simulation times can be expanded by several orders of magnitude in follow-up studies using supercomputing. The shape of the I/V curve is realistic when compared with measurements, and the impact of changes in light intensity and recombination probability shows physically well supported trends. The relative power conversion efficiency ( with laboratory tests will help explain transport mechanisms, predict ideal morphologies, and compositions, and understand limits of the PCE for given designs.
Summary and Outlook
We advanced the understanding of nanoparticle-polymer interfaces for photovoltaic applications through synthesis, characterization, and modeling. A variety of CdS nanoparticles with various grafted surfactants and polymers has been characterized, photophysical properties of push-pull molecules with charge generation properties have been analyzed, and new modeling capabilities for solar devices have been developed. Detailed results are described in eight manuscripts for publication as well as in several PhD and Master's theses. The project may benefit from testing and optimization of the new materials as part of photovoltaic and organic electronic devices.
CIQA's report for the project along with their statistics is provided under separate cover to CIMAV, the coordinating institute for the US/Mexican Basic Research Initiative.
